A stigmatism is an important condition because it is a frequent, correctable cause of visual impairment in children, whether or not this coexists with spherical errors. 1 Although there have been population-based reports on the prevalence of astigmatism in older children from different ethnic groups, [2] [3] [4] [5] these focused exclusively on refractive astigmatism, and data on the distribution of corneal and internal (or lenticular) astigmatism remain limited. 6 -8 To improve our understanding of this condition, it is important to know the distribution of all the components of astigmatism, their association with each other, age-related changes, and factors that influence the compensation between corneal and internal astigmatism.
In a recent paper on a large cohort of predominantly 6-yearold Australian children, 9 we reported the distribution of the components of astigmatism, their variation with gender and ethnic background, and the influence of spherical equivalent refraction. Compensation between corneal and internal astigmatic components, which reduces the magnitude of refractive astigmatism, was also demonstrated. Further knowledge of similar issues in older children will help to improve our understanding of this condition.
Therefore, in this study we sought to (1) report the distribution of refractive, corneal, and internal astigmatism and how these parameters vary with gender, ethnic background, and spherical equivalent refraction in 12-year-old children, (2) document the effectiveness of compensation of corneal astigmatism at this age, and (3) compare the findings in this 12-year-old sample with previously reported cross-sectional data on 6-yearold children. 9 
METHODS

Subjects
The Sydney Myopia Study is a population-based survey of eye conditions in school children living within the Sydney Metropolitan Area, Australia. It was approved by the Human Research Ethics Committee, University of Sydney, the Department of Education and Training, and Catholic Education Office, New South Wales, Australia. The project forms part of the broader Sydney Childhood Eye Study. Conduct of the study was in accordance with tenets of the Declaration of Helsinki. We obtained informed written consent from at least one parent of each child, as well as verbal assent from every child before the examinations. Study methods were previously described for year-1 students (mean age, 6.7 years, hereafter referred to as the 6-year-old cohort). 9, 10 Similar methods were used for the current cohort of older children, including use of the same instruments. Briefly, all year 7 students (median age, 12 years, hereafter referred to as the 12-year-old cohort) in a stratified random cluster sample of 21 Sydney high schools were eligible to participate. Stratification was based on socioeconomic status data from the Australian Bureau of Statistics (2001 national census). This included a proportional mix of public and private or religious high schools. Examinations were conducted during 2004 and 2005 . Data for the 6-year-old cohort were collected during 2003 and 2004 and for the 12-year-old cohort during 2004 and 2005 . As a result, there was no overlap in the samples, and children who were examined as part of the 6-year-old cohort were not, and could not have been, re-examined as part of the 12-year-old cohort.
Keratometry and Cycloplegic Autorefraction
Keratometry was performed before cycloplegia (IOLMaster; Carl Zeiss, Jena, Germany). A corneal refractive index of 1.3375 was assumed in calculations of corneal power to take into account the negative refractive power of the posterior corneal surface. Each reading was the average of five internal measurements. Only readings with all six measurement mires in focus were accepted. We made sequential readings until three were obtained in which corneal astigmatism varied by Ͻ0.1 D, and axis varied by less than 5°for astigmatism Ն0.5 D and less than 10°for astigmatism Ͻ0.5 D. The last of these three readings was used in the analyses.
After instillation of 1% amethocaine (1 drop) to obtain corneal anesthesia, cycloplegia was induced by instilling 1% cyclopentolate (1 drop) 2 minutes later. For children with inadequate mydriasis (Ͻ6 mm), further instillations included 1% tropicamide and/or 2.5% phenylephrine (1 drop each). Autorefraction was performed 25 to 30 minutes after the last drop (RK-F1 Autorefkeratometer; Canon, Tokyo, Japan). In fully automated mode, at least 5 autorefractions were performed, and a standardized value was obtained.
Questionnaire Data
Questionnaires completed by the parents were used to obtain information on socioeconomic status, level of education achieved, and ethnic background of the child. Ethnic groups represented in the city of Sydney, on which data are presented in this article, include European white, East Asian, South Asian (Indian, Pakistani, Sri Lankan) and Middle Eastern. Ethnic groups on which data are not presented due to their small numbers included African, Pacific Islander (Melanesian, Polynesian), Indigenous Australian, and South American. Socioeconomic status was determined from parental employment and home ownership.
Definitions
All components of astigmatism were expressed as the negative correcting cylinder. Corneal astigmatism was calculated as the refractive power difference between the flattest and steepest meridians, while the axis was set along the flattest meridian. Refractive and corneal cylinders (C), together with their axes (), were converted into vectors for further analysis. 11 The J 0 vector, given by (-C ϫ cos2)/2, represents a Jackson cross-cylinder (JCC) with axes at 180°and 90°. With-(WTR) and against (ATR)-the-rule axes are represented by positive and negative J 0 , respectively. The J 45 vector, given by (ϪC/2 ϫ sin2)/2, describes a JCC in which power is greatest at either 135°(ϩJ 45 ) or 45°( ϪJ 45 ). The conventional approach was also used to describe WTR (1-15°or 165-180°) and ATR (75-105°) axes. All other axis orientations were described as oblique. Internal astigmatism was calculated as the vector difference between refractive and corneal components. 12 Astigmatism was defined for cylinder powers Ն0.50, Ն0.75, Ն1.00, and Ն1.50 D. Spherical equivalent (SEq) was calculated as sphere ϩ 1 ⁄ 2 cylinder.
Statistical Analysis
Analyses were performed on data for right eyes (Statistical Analysis System software ver. 9.1; SAS Institute, Cary, NC). We adjusted for the potential effects of cluster sampling, in which data between children attending the same school were correlated, by using generalized estimating equations to estimate prevalence and mixed models to estimate means.
Effects of gender, ethnic background and spherical equivalent were examined in unadjusted and multivariate-adjusted analyses. The relationship between corneal and refractive astigmatism was assessed with mixed models linear regression.
RESULTS
Characteristics of the Study Population
Among 3144 eligible children, 2367 (75.3%) participated in the study, although 14 with completed parental questionnaires were not examined due to absence from school, leaving data available for 2353 children. The mean age of children examined was 12.7 years (range, 11.1-14.4); 50.6% were boys. Mean spherical equivalent was ϩ0.48 D (range, -10.87 to ϩ8.37 D). Prevalence rates for myopia (SEq Յ Ϫ0.5 D) and moderate hyperopia (SEq Ն ϩ2.0 D) were 12.8% (95% confidence interval [CI], 7.2-18.4) and 5.0% (CI, 4.1-5.8), respectively. The ethnic composition of participating children, parental education level, employment status, and home ownership are presented in Table 1 . The gender and ethnic composition of nonparticipating children, informally assessed, was similar to that of children who participated.
Overall Distribution in the 12-Year-Old Cohort
Prevalence of Astigmatism. The distributions of refractive, corneal, and internal astigmatism are shown in Figures 1A , 1B, and 1C, respectively. Previous results for the 6-year-old cohort are also shown for comparison and were very similar. Refractive astigmatism followed a distribution in which there were high frequencies of low astigmatism and very low frequencies of high astigmatism. The distributions of both corneal and internal astigmatism showed peaks in the range 0.5 to Ͻ1.0 D.
The prevalence rates of refractive, corneal, and internal astigmatism Ն0.75, Ն1.0, and Ն1.5 D are presented in Table 2 . Refractive astigmatism of Ն0.5 and Ն2.0 D was found in 28.9% (CI, 25.8 -31.9) and 1.4% (CI, 0.7-2.1) of children, respectively. Corresponding rates for corneal astigmatism were 69.5% (CI, 64.8 -74.3) and 2.6% (CI, 1.3-3.9) and for internal astigmatism, 78.3% (CI, 75.5-81.1) and 0.3% (CI, 0.1-0.5).
Axis of Astigmatism. The proportions of children with different types of axis of astigmatism varied with the level of astigmatism. For astigmatism of any magnitude, the percent- Table 3 . There were similar proportions of children with WTR (40.4%) and ATR (43.6%) refractive astigmatism. Corneal astigmatism was mainly WTR (88.8%), whereas only 1.3% of children had an ATR axis. Internal astigmatism was composed entirely of ATR (90.2%) and oblique (9.8%) axes.
Gender Differences in Astigmatism
Prevalence of Astigmatism. Gender-specific prevalence rates of the components of astigmatism (Ն0.75, Ն1.0, and Ն1.5 D) are shown in Table 2 . After adjustment for age, ethnic background, socioeconomic status, parental education, spherical equivalent, and effects of cluster sampling, there were no significant gender differences in the prevalence of refractive astigmatism. Corneal and internal astigmatism, however, were significantly more prevalent in girls, except for internal astigmatism Ն1.5 D.
Axis of Astigmatism. Gender-specific distributions of the axes of astigmatism Ն1 D are shown in Table 3 . After adjustment for age, ethnic background, socioeconomic status, parental education, spherical equivalent, and effects of cluster sampling, there were no significant gender differences in refractive and corneal axes, although the girls had a significantly higher percentage of WTR but a lower percentage of oblique internal astigmatism. Considering astigmatism of any magnitude, the finding was similar for axis of refractive astigmatism, but corneal astigmatism was more frequently WTR and less frequently ATR and oblique in the girls (all P Ͻ 0.002), although these differences were small. Internal astigmatism was more frequently ATR but less frequently oblique (both P ϭ 0.02).
Ethnic Differences in Astigmatism
Prevalence of Astigmatism. The children of East Asian background had higher prevalence rates of refractive (Ն1.0, Ն1.5 D) and corneal (Ն0.75, Ն1.0, Ն1.5 D) astigmatism than did those of European white background (Table 2 ). These differences were statistically significant after adjustment for cluster sampling, but only differences in corneal astigmatism remained significant after adjustment for age, gender, socioeconomic status, parental education, spherical equivalent, and cluster sampling. There were no significant differences in internal astigmatism between the children of East Asian and European white backgrounds.
The children of South Asian background had a significantly higher prevalence of refractive (Ն0.75, Ն1.0 D) and corneal astigmatism (Ն0.75, Ն1.5 D), but a lower prevalence of internal astigmatism (Ն0.75, Ն1.0 D) than did those of European white background, after adjustment for the effects of cluster sampling. Only differences in corneal and internal astigmatism remained significant after adjustment for the other variables.
The prevalence of refractive (Ն1.5 D) and corneal (Ն1.5 D) astigmatism was significantly higher, and the prevalence of internal astigmatism (Ն0.75, 1.0 D) was significantly lower in the children of Middle Eastern than in those of European white background after adjustment for cluster sampling. These differences remained statistically significant, except for internal astigmatism Ն0.75 D, after adjustment for the other variables.
Axis of Astigmatism. Ethnic differences in axis were found only for refractive astigmatism (Ն1 D; Table 3 ). These included markedly higher proportions of WTR and markedly lower proportions of ATR axis in all the children of nonEuropean white background. These differences remained statistically significant after adjustment for multiple variables. There were no ethnic differences in oblique refractive astigmatism or in the axes of corneal and internal astigmatism. Similar ethnic differences in axis were generally found when astigmatism of any magnitude was considered. However, the children of East Asian background had significantly higher proportions of oblique refractive (P ϭ 0.003) and WTR corneal (P Ͻ 0.0001) axes, and lower proportions of ATR (P ϭ 0.0005) and oblique (P Ͻ 0.0001) corneal axes. There were no differences in axis of internal astigmatism between the children of East Asian and European white backgrounds. The children of South Asian background had a significantly higher proportion of WTR (P ϭ 0.005) and oblique (P ϭ 0.03) axis and lower proportion of ATR (P ϭ 0.005) axis of internal astigmatism. The proportions of ATR (P ϭ 0.03) and oblique (P ϭ 0.02) internal astigmatism were significantly lower in the children of Middle Eastern than in those of European white background.
Effects of Spherical Equivalent
Variations in prevalence of the components of astigmatism (Ն1 D) with spherical equivalent (SEq) refraction are presented in Figure 3 . Prevalence rates of refractive (Fig. 3A) and corneal ( (Fig. 3C ). All these differences with the emmetropic reference group were statistically significant (all P Ͻ 0.01) after adjustment for effects of cluster sampling and remained so after further adjustment for age, gender, ethnic background, socioeconomic status, and parental education, except for the prevalence of corneal astigmatism in the myopic group.
Relationship between Refractive and Corneal Astigmatism
The There was no significant effect of gender (adjusted for ethnic background, spherical equivalent and cluster sampling) or ethnic background (adjusted for gender, spherical equivalent, and cluster sampling) on the slope of this relationship for both J 0 and J 45 vectors (all P Ͼ 0.1). The slopes varied significantly, however, with spherical equivalent refraction. It was lowest in the low hyperopia group for both J 0 and J 45 vectors, and increased significantly (all P Ͻ 0.0007) with more hyperopic (J 0 and J 45 ), emmetropic (J 0 ), and myopic (J 0 and J 45 ) refractions (Table 4) .
DISCUSSION
Compensation of Astigmatism
Consistent findings between the current cross-sectional study of predominantly 12-year-old Australian children and our previous cross-sectional study of predominantly 6-year-old children 9 are the relatively low prevalence (6.7% and 4.8%, respectively) and highly skewed distribution (Fig. 1A) of refractive astigmatism. High rates of internal (or lenticular) astigmatism appear to compensate for the high levels of corneal astigmatism, due to the approximately perpendicular orientation of their axes. Evidence of this compensation of astigmatism was also found in the relationship between the corneal and refractive J 0 and J 45 vectors. Less effective compensation is indicated by a higher slope to this relationship; the slope for ATR and WTR astigmatism was higher than that for oblique astigmatism, and so compensation of oblique astigmatism was more effective. The slope was also higher, and compensation was thus less effective, in children with myopic or hyperopic refractions than in those who were emmetropic (Table 4 ). This finding is consistent with the higher prevalence of astigmatism in these refractive categories (Table 5) . [13] [14] [15] The relationship between refractive and corneal astigmatism has been described as Javal's rule by other researchers 8, [27] [28] [29] [30] [31] [32] [33] seeking to estimate refractive astigmatism from measured corneal astigmatism. Javal's rule is defined by the equation, refractive astigmatism ϭ a ϫ corneal astigmatism Ϫ 0.5 ϫ 90°, where a is a constant (originally 1.25) and Ϫ0.5 ϫ 90°represents a 0.5-D ATR astigmatism. 32 Conceptually, our results agree with Javal's rule, but detailed comparison is not appropriate, because we used a vector-based method of analysis, which took into account the exact astigmatic axis, whereas Javal's rule used a conventional classification system. Studies of Javal's rule did not explore the role of compensation of corneal astigmatism by internal astigmatism in the development and progression of refractive astigmatism. A greater understanding of this process could help to explain observed effects of spherical errors, gender, ethnicity, and potentially other risk factors on the prevalence of astigmatism. Grosvenor and Ratnakaram 32 suggested that the relationship between refractive and corneal astigmatism was affected by myopia, although the comparison groups in their study were not well characterized. Dobson et al. 8 and Tong et al. 28 used vector analysis but also did not examine subgroup differences. We found that compensation of astigmatism was affected by spherical (equivalent) errors, but not by gender or ethnicity, despite significant gender and ethnic differences in the magnitude and axis of corneal and internal astigmatism. These findings suggest that differences in the prevalence of refractive astigmatism between different populations are more likely to be associated with differences in the prevalence of spherical errors than with ethnicity per se.
Developmental Perspective
In previous studies, investigators have consistently found that there is a rapid decline in refractive astigmatism in the first 2 years of life, 34 -38 followed by slower changes occurring between ages 2 and 6 years. 39 Our study found a slightly higher prevalence of refractive astigmatism in 12-year-old (6.7%, CI, 5.0 -8.4) than in 6-year-old children (4.8%, CI, 3.8 -6.1), 9 although the confidence intervals overlapped widely, and the distribution of refractive astigmatism was similar between the two cross-sectional samples (Fig. 1A) . These results suggest that refractive astigmatism is quite stable between the ages of 6 and 12 years. This conclusion is supported by two further findings. First, there was marked overlap in the confidence intervals of the prevalence of refractive astigmatism within the different categories of spherical equivalent refraction (Fig. 3A) , except for the higher prevalence of refractive astigmatism among the older children in the moderate hyperopia category, which could be expected from a slight shift of the axis of corneal astigmatism from WTR to ATR (Fig. 2B) . Second, prevalence rates of refractive, corneal, and internal astigmatism among the different ethnic groups were similar between the two cohorts, with widely overlapping CIs. Exceptions included the slightly higher prevalence of refractive astigmatism in the older children of European white background (5.6%, CI, 4.6 -6.7 vs. 3.6%, CI, 2.8 -4.7), and the lower prevalence of corneal astigmatism in the older children of South Asian background (26.4%, CI, 18.0 -34.7 vs. 48.1%, CI, 34.9 -66.4).
Findings in other studies, however, lead to inconsistent conclusions concerning later developmental changes in refractive astigmatism. Anstice 40 reported a significant decrease in refractive astigmatism up to age 14 years, although the results were not adjusted for potential confounders such as the prevalence of myopia or hyperopia. In contrast, two studies of American children, the Berkeley Infant Biometry Study (BIBS) 37 and the Collaborative Longitudinal Evaluation of Ethnicity and Refractive Error (CLEERE) study, 5 reported prevalence rates of refractive astigmatism of 5.3% in 9-month-old infants 37 and 28.4% in 5-to 17-year-old children. 5 These differences are likely to be because refractive error was measured by retinoscopy in the BIBS and an autorefractor (R-1; Canon) in the CLEERE study. The children in the CLEERE study were also from several different ethnic backgrounds.
The rapid reduction in refractive astigmatism in infancy and early childhood is accompanied by dynamic compensatory changes in corneal and internal astigmatism. Mutti et al. 37 found in the BIBS, which examined 302 American infants, that corneal astigmatism decreased rapidly in the first 9 months of life, in parallel with a narrowing distribution of spherical equivalent refraction, and then remained stable up to age 3 years. This was also accompanied by a rapid increase in lenticular ATR astigmatism between the ages of 3 and 18 months, after which changes were statistically nonsignificant. Our data build on these findings, because the apparent stability of astigmatism between our 6-and 12-year-old cohorts was also seen in similar distribution curves (Figs. 1B-1C 41 The data in Mutti et al. 37 also suggest that during the process of compensation of astigmatism, changes in both corneal and internal astigmatism occur. Our data suggest that when refractive astigmatism is stable, both corneal and internal astigmatism do not change. Figure 2 shows slight shifts in axis from WTR to ATR refractive astigmatism and from WTR to oblique corneal astigmatism, between the 6-and 12-year-old cohorts. The axis of internal astigmatism was not different between the two cohorts. The significance of the difference in axis is not clear, as it could be due to the arbitrary definition of axis of astigmatism. For example, axes of 74°or 76°would be categorized as oblique or WTR, respectively, although a difference of 2°could easily be caused by measurement error.
Gender Differences in Astigmatism
Findings in previous studies on gender differences in astigmatism have been inconsistent. Several large population-based studies reported slightly higher prevalence rates of refractive astigmatism in girls than in boys, 2, 17, 18, 21 although several other studies reported no gender differences. 3, 19, 24, 39 In our study, despite the significantly greater corneal and internal astigmatism in the girls, the distribution of axes between the boys and girls were generally similar, and compensation of astigmatism resulted in similar levels and axis of refractive astigmatism.
Comparisons with Other Populations
In comparing the prevalence of refractive astigmatism between different populations, consideration should be given to population differences in age, spherical equivalent refractive error, corneal and internal astigmatism, sampling, instrumentation, definition, and possibly differences in other as yet unknown factors (Table 5) . Several previous population-based studies involved children in a wide age range, [3] [4] [5] 17, 18, [21] [22] [23] [24] and so it is difficult to compare their overall prevalence rates. In two studies of 12-to 13-year-old children, Villarreal et al. 16 reported prevalence rates of refractive astigmatism Ն1.5 D of 9.5% in Mexican children (n ϭ 1035) and 5.2% in Swedish children (n ϭ 1045). 20 The prevalence of myopia (44% and 44.9%, respectively) and hyperopia (6.0% and 8.4%, respectively) was similar between the two studies, and so the difference in refractive astigmatism may be explained by other factors such as ethnicity or the ability to compensate for corneal astigmatism. Relatively high prevalence rates were reported for children in China (Guangzhou), 3 Taiwan, 4 Singapore, 19 Chile, 23 and American Sioux Indian children. 25 Comparatively low prevalence Finland, 13 and Vanuatu. 26 The particularly low prevalence (0.3%) of astigmatism Ն1.0 D in Melanesian children may reflect the low prevalence of myopia (2.9%) and hyperopia (0.3% with SEq Ͼ1.0 D), but it could have been underestimated by the use of noncycloplegic retinoscopy. 26 The very low prevalence of refractive astigmatism in Nepalese children is consistent with their low level of myopia. There are several other reported ethnic differences in refractive astigmatism, 5, 9, [42] [43] [44] but whether these reflect genetic differences is not clear. Findings in some studies have suggested that astigmatism is dominantly inherited, 45, 46 whereas others have shown low heritability. [47] [48] [49] Marked differences in the prevalence of astigmatism have been reported in children of Chinese origin in the RESC studies in Guangzhou 3 and Shunyi 22 (Table  5) . Recently Saw et al. 50 reported results that also suggest that environmental influences have a major impact on astigmatism. They studied 7-to 9-year-old children and compared three different ethnic groups (Chinese, Malay, and Indian) living in Singapore and Malaysia. They found that the prevalence of astigmatism (and myopia) in each ethnic group was greater in the children living in Singapore than in those in Malaysia. Thus, the relative contribution of genetic and environmental influences to ethnic and other differences in astigmatism requires further analysis.
Although many potential risk factors for astigmatism are still not well known, it is important to understand the mechanism by which they could affect refractive astigmatism. Children of European white background in our study had a significantly lower prevalence of refractive astigmatism than did children of East Asian, South Asian, and Middle Eastern backgrounds. Similar ethnic differences were also reported in our cohort of younger children. 9 Our data show that the children of East Asian background had a higher level of refractive astigmatism than did those of European white background because they had markedly greater levels of corneal astigmatism and similar levels of internal astigmatism. This pattern was also evident in the comparison between the children of Middle Eastern and European white background for astigmatism Ն1.5 D. In contrast, the children of South Asian background had a higher level of refractive astigmatism than did those of European white background despite having similar levels of corneal astigmatism, because they had lower levels of internal astigmatism. Although our analysis of the relationship of corneal and refractive astigmatic vectors found no significant overall effect of ethnicity on the efficiency of astigmatic compensation, the stratified data suggest that the pattern of astigmatic compensation may be different between different ethnic groups. Further, it is likely that the factors associated with refractive astigmatism have variable effects on corneal and internal astigmatism. For example, eyelid pressure can induce WTR corneal astigmatism 51 ; and myopia is associated with greater increases in corneal than internal astigmatism, but hyperopia is associated with similar increases in these components of astigmatism (Fig. 3B, 3C) .
Strengths of this study included the large sample, population-based design, detailed examination, use of cycloplegic refraction, and analysis of both magnitude and axis of astigmatism. It should be noted, though, that corneal astigmatism was calculated with an assumed refractive index, and internal astigmatism was also calculated. Inferences regarding longitudinal changes were made from two cross-sectional samples and should be confirmed in longitudinal studies. In summary, we have reported in this cross-sectional survey of older Australian children a relatively low prevalence of refractive astigmatism that varied little between different ethnic groups. The prevalence rates of all components of astigmatism were minimally different, with values previously reported for our cohort of 6-year-old children, suggesting that astigmatism is relatively stable in children between the ages of 6 and 12 years. Compensation between corneal and internal astigmatism to minimize refractive astigmatism appears to be more effective along the oblique meridian. The pattern of compensation appears to be different in different ethnic groups; and although myopic and hyperopic refractive errors most strongly affected the capacity for astigmatic compensation, these refractive errors had variable effects on corneal and internal astigmatism. Future research should be undertaken to examine the finding of the stability of astigmatism using longitudinal samples and to explore further factors that may reduce the efficiency of astigmatic compensation.
